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ABSTRACT 

We present a multicolour catalogue of faint galaxies situated close to bright stars, V ^ 
15, with the aim of identifying high-redshift galaxies suitable for study with adaptive 
optics-equipped near-infrared imagers and spectrographs. The catalogue is constructed 
from archival calibration observations of UKIRT Faint Standard stars with the UFTI 
camera on UKIRT. We have analysed the deepest 16 fields from the archive to provide 
a catalogue of galaxies brighter than K ~ 20.3 lying within 25" of the guide stars. We 
identify 111 objects in a total survey area of 8.7 sq. arcmin, of these 87 are classified as 
galaxies based on their light profiles in our ~ 0.5" median seeing K-b&nd images. Of 
these, 12 galaxies have (J — K) > 2.0 consistent with them lying at high-redshifts, z > 2. 
These 12 very red galaxies have X-band magnitudes of K = 18.1-20.1 and separations 
from the guide stars of 4-20" and hence are very well-suited to adaptive optics studies 
to investigate their morphologies and spectral properties on sub-kpc scales. We provide 
coordinates and JHK photometry for all catalogued objects. 

Key words: galaxies: - infrared: galaxies - galaxies: evolution - galaxies: high-redshift 
- galaxies: photometry 



1 INTRODUCTION 



The high-resolution optical and near-infrared imaging from 
Hubble Space Telescope (HST) has provided unique insights 
into the morphological evolution of galaxies in the restframe 
optical over the ~ 8 Gyrs to z ~ 1 (e.g. Glazebrook et al. 
1995; Giavalisco et al. 2004; Thompson et al. 2001). How- 
ever, the warm thermal environment of HST precludes sen- 
sitive imaging at wavelengths beyond ~ 1.5/Ltm (the middle 
of the i/-band). This means that HST cannot track the rest- 
frame optical morphologies of galaxies much past z ~ 1-1.5 
and has to rely on imaging their restframe UV emission - a 
spectral region much more sensitive to recent star formation 
and the influences of dust. 

Fortunately, adaptive optics (AO) systems operating 
in the near-infrared waveband on large ground-based tele- 
scopes can be used to compliment the optical view pro- 
vided by HSTwith comparable (or better) spatial resolution: 
g 0.1-0.2 arcsec on faint galaxies (Larkin et al. 2001; Glass- 
man et al. 2002; Cresci et al. 2005). These ground-based AO 
systems also provide the exciting opportunity to obtain very 
high angular resolution spectroscopy of these galaxies, neces- 
sary to study their kinematics on kpc scales (e.g. Eisenhauer 
et al., 2003). The drawback with such studies is the need for 
a bright nearby star to provide a suitable reference source for 



wavefront correction to remove the blurring caused by the 
atmosphere. For typical AO systems the guide star must be 
brighter than V ~ 14 and situated within ~ 20 arcsec for 
it to provide any measurable improvement to the achieved 
image quality (Le Louarn et al. 1998; Doel et al. 2000; Benn 
2001). However, some correction can be achieved with fainter 
guide stars or larger separations if these are supplemented 
by information about the atmospheric phase transmission 
from an additional artificial laser guide star. 

The restriction on AO studies of faint galaxies is thus 
the need to have a suitable bright guide star within the field. 
This requirement severely limits the number of suitable tar- 
gets and has resulted in adaptive optics studies so far having 
had relatively limited impact on the study of faint galaxies, 
although the recent commissioning of laser guide star capa- 
bilities on several 8-10-m class telescopes (e.g. Minowa et 
al. 2005) may change this. To provide target fields suitable 
for natural guide star studies, two groups have published 
catalogues of galaxies identified close to bright stars: Larkin 
& Glassman (1999) and Baker et al. (2003). 

Larkin & Glassman provided A"-band (and some J-/H- 
band photometry) for around 40 galaxies to a 5-a limit of 
K ~ 20 in 5 patches close to R = 8.5-10.3 bright stars in the 
Northern hemisphere. Due to the need to place the stars in 
one corner of the array (to limit the effects of charge bleed- 
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Figure 1. The central 60"x60" region of the _ft"-band images of the 16 fields in our sample. We identify the other objects in the fields 
using the numbering scheme from Table 2. Each panel is centred on the faint standard in the field and has North top and East to the 
left. The major tick marks on the axes are every 10". 



ing), all but ~ 15 of these galaxies are beyond 25-arcsec from 
the correction star, beyond which the corrections provided 
by typical AO systems using a single star become negligi- 
ble. In contrast, Baker et al. (2003) imaged regions around 
42 R — 9.0-12.4 guide stars in the Southern Hemisphere 
in just the if -band to a 5-cr limit of K ~ 19.5. They find 
around 350 galaxies within 25 arcsec of the guide stars. 

Both of these previous studies have used targeted ob- 
servations to construct catalogues of sources around bright 
stars. Larkin & Glassman (1999) used 4 nights on the Keck 
telescope and the NTT took 6 nights to complete the Baker 
et al. (2003) study. However, there are opportunities of ob- 
taining comparably deep data for free from calibration fields 
on ground- (and indeed space-based) telescopes, by exploit- 
ing archives now available for most major facilities. 

Our study focuses on the archive for one telescope which 
is particularly well-suited to this programme: the UK In- 



frared Telescope (UKIRT).* UKIRT operates exclusively in 
the near- and mid-infrared - the preferred spectral region 
for ground-based AO studies of high-redshift galaxies. The 
telescope also has a fully-integrated data reduction pipeline 
associated with the primary science instruments on the tele- 
scope and hence the reduction of data from the archive can 
exploit the same pipeline to efficiently process the large 
quantities of data necessary for the project. The bulk of 
the photometric calibration for the UKIRT imaging cam- 
eras also relies on a small number of standard stars - the 
UKIRT Faint Standards (FS) from Hawarden et al. (2001). 
The UKIRT FS list is ideal as the stars in the primary list are 
predominantly equatorial and typically bright enough (but 

* The United Kingdom Infrared Telescope (UKIRT) is operated 
by the Joint Astronomy Centre on behalf of the UK Particle 
Physics and Astronomy Research Council. 
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not too bright) to use as AO guide stars. The majority of 
the recent imaging data are taken with a single instrument, 
UFTI, guaranteeing it is homogeneous. There are approxi- 
mately 140hrs of observations of faint standard stars in the 
JHK filters with UFTI in the UKIRT archive. The major- 
ity of these observations are of the primary standard list 
from Hawarden et al. (2001). This means we can expect the 
cumulative integration on many of the calibration fields to 
reach the depths necessary for studying the morphologies of 
z }> 1 galaxies, i.e. K ~ 20. 

We have therefore searched the UKIRT Archive for suit- 
able FS fields, reduced, calibrated and catalogued these to 
provide a list of faint galaxies suitable for studies with cur- 
rent adaptive optics imagers and spectrographs. This paper 
is structured as follows: in §2 we detail the field selection 
and the reduction of the data. In §3 we describe the analysis 
of these fields and discuss the properties of the sources we 
detect. Finally, in §4 we give our conclusions. 



2 OBSERVATIONS & REDUCTION 

The first step in our study was to query the UKIRT Archive^ 
for all the observations in the J H K-h&n&s with the UFTI 
camera (Roche et al. 2002) of stars in the extended UKIRT 
Faint Standard List (Hawarden et al. 2001). We then select 
all those with potentially more than 2.5-ks integration in the 
7f-band and available in archive as of 2005 August 1st. We 
removed any FS with V ^ 15 (the deepest likely limit for a 
natural guide star with present AO systems) and those with 
reddening in the field of Ak > 0.02 (Ay > 0.2) based on 
Schlegel et al. (1998) as estimated from NED. J 

From the initial 83 faint standards (28 from the pri- 
mary list, those with IDs < 40, and 55 from the extended 
list, those with IDs > 100) this leaves us with 17 fields. We 
discard one field, FS 16, due to the combination of shallow 
depth and poorer than average image quality - leaving 16. 
We list the IDs, coordinates and total exposure times in the 
J-, H- and if-bands for these fields in Table 1. 

Observations of standards taken with UFTI typically 
jitter the star around the lower-right-hand quadrant of 
the HAWAII-1 detector and only read-out this 512 x 
512 pixel region. At the nominal pixel scale of UFTI, 
0.0908 arcsec pixel - , this field corresponds to ~ 46" - well 
matched to the isoplanatic patch in the near-infrared. The 
standard calibration sequence consists of a dark exposure, 
followed by 5 exposures of the standard in a diagonal cross 
pattern. 

Data are reduced using the oracdr pipeline for UFTI 
data (Economou et al. 2004). Due to the development of the 
pipeline and changes in the file header parameters, slightly 
different incantations are needed for data taken on different 
dates. Prior to 2000 August 1 we used the ORACDR_ufti_OLD 
setup from the STARLINK v. 2004. 2 release, once the .fit file 

I The UKIRT Archive is provided through the UK Astronomy 
Data Centre, http://archive.ast.cam.ac.uk/ukirt_arch 
t The NASA/IPAC Extragalactic Database (NED) is operated 
by the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under contract with the National Aeronautics and Space 
Administration. 



extensions are renamed to .fits this automatically processes 
the data, subtracting suitable dark frames, creating and ap- 
plying a filter-dependent flat field (using the data them- 
selves) and aligning the frames from the positions of objects 
within the fields (or if there are insufficient of these to reli- 
ably define a transformation then the telescope offsets writ- 
ten in the frame headers are used instead), before co-adding 
them to create a final image. After 2000 August 1 we use 
the ORACDR_ufti setup after applying the fits2ndf com- 
mand from the starlink convert package to convert the 
fits files into a merged NDF format file (between 2001 Jan- 
uary 1 and approximately 2001 November 16 we first require 
to rename the .fit file extensions). The ORACDR pipeline is 
then identical to that run on the earlier data. For the most 
part the pipeline reduces the observations with no interven- 
tion using the reduction recipes given in the headers of the 
data frames. 

The co-added frames from each of the jitter sets in a 
given filter of a particular star were then combined together 
using starlink CCDPACK routines to give a final frame in 
each of the J-, H- and K-bands for each standard star field. 
Due to the removal of poor quality data and problems re- 
trieving data from the archive from particular nights, the 
cumulative exposure times for some fields are slightly below 
those initially anticipated (Table 1). 

In total, data were retrieved for the selected standard 
stars from over 360 nights from 1999 to 2004, with around 
10,000 individual frames retrieved and processed. 



3 ANALYSIS & DISCUSSION 

The mean exposure times for the 16 FS in our final sample 
are 3.2 ks, 1.7 ks and 3.7 ks in J-, H- and if -band respec- 
tively. This is sufficient to reach 5-cr point-source limits of 
J - 21.4, H ~ 20.3 and K ~ 20.3 - adequate to detect L* 
galaxies at z ~ 1 and beyond. The median seeing in the K- 
band images is 0.57" as measured from the FS themselves. 
The FWHM for each stacked if-band image is reported in 
Table 1. The median FWHM in the J- and H-bands is 0.70" 
and 0.67" respectively. As these are measured from the co- 
added images resulting from observations spread over 5 years 
these values can be taken to represent firm upper limits on 
the typical seeing achieved by UKIRT. 

3.1 Galaxy Catalogues 

Catalogues were constructed from the 7f-band frames, after 
trimming these to a 60" x 60" region centred on the FS. 
To construct our catalogues we use SExtractor (Bcrtin 
& Arnouts 1996) within GAIA. The frames were convolved 
with a Gaussian kernel with a FWHM comparable to the 
seeing, before objects were identified using a minimum area 
of 9 pixels each above a threshold of 1-<t of the sky variance. 
Catalogues were visually inspected and cleaned of a small 
number of faint spurious features. 

For our sample we select only those objects with 2"- 
diameter aperture magnitudes brighter than the 5-ct limit- 
ing if -band magnitudes listed in Table 1. These magnitude 
limits were determined from the fluctuations in 2"-diameter 
apertures randomly placed on blank sky regions within the 
frames. These estimates suggested that the typical 5-a depth 
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Table 1. Log of the observations of Faint Standards in the UKIRT Archive. We list the ID, K- and V-band magnitudes for the star, 
its nominal position, total exposure times for the final stacked JHK images, the FWHM of the iiT-band frame, the 5-cr limiting if-band 
magnitude (measured in a 2"-diameter aperture) and the total number of stars and galaxies (excluding the FS) in our catalogues within 
25" of the FS and brighter than this limit. 
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of our observations is K ~ 20.3. We quote aperture K- 
band magnitudes for all of our detected sources in Table 2, 
the median correction from these to "total" magnitudes is 
—0.18 + 0.04 as measured from the bright stars in the fields. 
We also note that we have applied no reddening corrections 
to any of the magnitudes in this study due to the low redden- 
ing in these fields in the near-infrared. We measure colours 
for all objects in 1.0"-diameter apertures, sufficient to give 
representative colours for the typically compact faint galax- 
ies and stars in our sample. These are corrected for the see- 
ing differences between the JHK frames in each individual 
fields, as measured from the FS star, with typical aperture 
corrections of: A(J - K ) = -0.15 and A(H - K) = -0.11. 
The colours or 2-cr limits listed in Table 2 and used in Figs. 4 
& 5 have had these aperture corrections applied. 

The total number of objects detected within 25" radius 
of the FS (excluding the FS itself) and brighter than the 5-cr 
limits of the respective fields, K — 19.7-20.7, are listed in 
Table 1. Out to 25" over the 16 fields, we cover a surveyed 
area of 8.7 sq. arcmin and detect 111 objects (excluding the 
FS) brighter than the 5-cr limits. 

Star-galaxy separation is achieved by comparing the 
magnitudes within apertures of 2 * FWHM and 4 * FWHM 
(Reid et al. 1996). This provides a relatively clear differ- 
entiation between objects with star-like and non-star light 
profiles (Fig. 2). The FS stars exhibit a constant offset 
K2«fwhm -if4»FWHM = 0.30 + 0.02, with extended galaxies 
having larger offsets. Roughly two-thirds of the sample have 
ft.FWHM — ^4»fwhm > 0.40 which we take as the divid- 
ing line in our classification to K < 19.5 (Table 2). Fainter 
than K — 19.5 we have classified all objects as galaxies, 
unless they have .K^fwhm — ^fwhm < 0.40 and colours 
consistent with those of the brighter stars in our sample, 
(J - K) < 1 and (H — K) < 0.6 (Fig. 4), in which case 



they are classed as stars - this effects only 8 objects in our 
sample. In total we have 24 stars (plus the 16 FS) and 87 
galaxies. 

We list the properties of the 111 objects and the 16 
FS stars in our catalogue in Table 2. The objects in each 
field are identified by their ranked distance from the FS 
star and we give their short name, the position, K-band 
magnitude in our 2"-diameter aperture (J — K) and (H — 
K) aperture colours or limits, star-galaxy classification (S 
or G) and radial distance from the FS star in arcsec. The 
astromctry in these images are tied to USNO but due to 
the limited fields of view the astrometry is not accurate to 
better than 0.5" rms.§ 

3.2 Galaxy Properties 

We show the number counts of sources in our fields (exclud- 
ing the bright stars and the FS stars) in Fig. 3. We compare 
these to representative counts from the literature (Gardner 
et al. 1993; Baker et al. 2003) and find good agreement in 
the overall number of sources we detect and the slope of the 
differential number counts, a ~ 0.3. We take this as con- 
firmation that our catalogue is not significantly incomplete 
above our typical limiting magnitude, K ~ 20.3. 

In Fig. 4 we show the (J — K)—{H — K) colour-colour 
diagram for all objects in our fields (including the FS stars). 
The figure shows that those objects classified as stars on 
the basis of their light profiles exhibit a tight locus, with 
relatively blue (J — K) and (H — K) colours, consistent with 
the measured colours of the FS stars. The galaxies have a 

§ If more precise relative positions are required please contact the 
Authors for the reduced images. 
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Figure 2. Our criteria used for star-galaxy classification, fol- 
lowing Rcid ct al. (1996). We plot the difference between the 
A"-band magnitudes of all objects measured in apertures with 
diameters 2* and 4* the FWHM of the FS in that particular 
field, against their large-aperture if-band magnitudes. The FS 
stars, and other bright stars serendipitously detected in these 
fields, exhibit a constant value for ^tFWHM — ^4«FWHM and 
we use the mean and scatter for these to determine a divid- 
ing line between morphologically-classified stars and galaxies - 
at i^2*FWHM — -fQ*FWHM = 0.40. Fainter than K = 19.5 the 
measured magnitudes lack sufficient precision to reliably deter- 
mine this classification. Due to the steeply rising galaxy number 
counts it is expected that the vast majority of sources at K > 19.5 
will be galaxies and hence we class all objects fainter than this 
as galaxies, unless they have i\2*FWHM — ^4«FWHM < 0.40 and 
colours consistent with those of the brighter stars in our sample 
(Fig. 3). 




16 18 

K 



Figure 3. The differential number counts as a function of their 
2"-diameter aperture magnitudes for sources detected in the 25"- 
radius regions around the 16 FS stars in our sample. We plot just 
the faint-end of our counts, excluding the bright FS stars. We 
correct the number counts for survey area using the 5-cr detec- 
tion limits for each field from Table 1. The error-bars on our data 
points arc Poisson and so underestimate the likely variance re- 
sulting from the clustering of galaxies in our small survey fields. 
We compare our counts to those from the similar study of Baker 
et al. (2003) and also from Gardner et al. (1993), showing gener- 
ally good agreement between the various surveys. We also show 
the canonical a = 0.33 count slope for ii"-band galaxy counts, 
normalised to fit our data points. 



much broader distribution, extending to redder [J — K) and 
(H — K) colours. The reddest galaxies have (J — K) ^2 
or (H — K) ^ 1.5. We plot tracks showing the variation in 
colour of galaxies with spectral energy distributions similar 
to present-day ellipticals and an Scd galaxy. These tracks 
illustrate that the galaxies with the reddest (J — K) colours 
are likely to lie at high redshifts, z ;> 2 (Franx et al. 2003). 
We note that we have 12 galaxies with (J—K) > 2.0 brighter 
than K ~ 20.5, with 3 galaxies with colours of {J—K) > 2.3. 

Focusing on the 12 (J — K) > 2.0 galaxies, we find 
that they are all well-resolved with FWHM (corrected for 
seeing) of ~ 1.4" (~ lOkpc at z ~ 2) and have a median 
magnitude of K — 19.0. The mean (H — K) colour of these 
galaxies is 1.3 ± 0.3, consistent with the colours expected 
for z ~ 2 galaxies. These galaxies are well-situated for AO- 
assisted studies with a median separation from the FS star 
of 13.0". Half of these galaxies are found in just two fields, 
FS 27 and FS 34, as expected if they represent a strongly- 
clustered population of high-redshift galaxies (Daddi et al. 
2004). 



4 CONCLUSIONS 

We have undertaken an archival survey for galaxies close to 
bright stars which would be suitable for targeting with adap- 



tive optics imagers and spectrographs on 4-8-m class tele- 
scopes. Our survey relies on the homogeneous data archive 
available for the UKIRT telescope and especially the large 
quantities of high-quality calibration imaging taken with the 
UFTI near-infrared camera. These images, of stars from the 
UKIRT Faint Standards List, provide deep JHK observa- 
tions of regions covering the isoplanatic patch around 16 
optically- bright, V g 15 stars. By co-adding all of the data 
available for these 16 stars we survey 25"-radius regions 
around each star to provide a total area coverage of 8.7 sq. 
arcmins to a 5-a depth of K ~ 20.3. 

Disregarding the FS guide stars, we detect 111 objects 
in the 8.7 sq. arcmin survey region and exploiting the ~ 0.5" 
average image quality from our data, we classify these into 
stars or galaxies on the basis of their light profiles. We find 87 
galaxies and 24 stars. The (J — K)—(H — K) colour-colour 
distributions for these objects show that as expected the 
stars are typically bluer in both (J — K) and (H — K) than 
the galaxies. Moreover, we identify 12 galaxies whose (J — K) 
colours exceed (J — K) = 2.0, consistent with these being 
high-redshift galaxies. These galaxies have if-band magni- 
tudes of K — 18.1-20.1 and separations from the FS guide 
star of 4-20" and hence are very well-suited to AO studies 
to investigate their morphologies and spectral properties on 
sub-kpc scales. 



6 Christopher & Smail 




1 2 



(H-K) 

Figure 4. A plot of the distribution of (J — K) and (H — K) 
colours for galaxies and stars in our catalogue. Galaxies and stars 
are distinguished by their symbols and we plot 2-cr lower limits 
where there is no formal detection in the J- or H-bands. The 
stars show a tight locus and are generally bluer in both (J — K) 
and (H — K) than the galaxies, which have a broader colour dis- 
tribution. We plot two tracks showing the variation in apparent 
colour for galaxies with spectral energy distributions comparable 
to present-day ellipticals or Scd galaxies (we have shifted both 
tracks by AH = 0.2 to account for calibration uncertainties be- 
tween the models and observations). These start with blue (J—K) 
and (H — K) colours at z = and become increasingly red at 
higher redshifts, the tracks extend to z = 3 and we identify the 
point corresponding to z = 2 on both tracks. The distribution of 
galaxy colours broadly spans that expected for passive or star- 
forming galaxies at z ~ 0—2. The dividing line at (J — K) = 2 
roughly corresponds to galaxies at z ^ 2 as first noted by Franx 
et al. (2003). We show the median errors for the colours of our 
objects in the lower-right-hand corner. 
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Table 2. Catalogue of objects in FS fields. 



ID R.A. Dec. K ap (J — K) (H — K) Class r 

(J2000) (") 
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